Purpose of review Long-acting antiretroviral (ARV) drugs may improve adherence to therapy and extend opportunities for therapeutic or prophylactic intervention to underserved patient populations. This review focuses on recent advances in the development of small molecule long-acting injectable ARV agents.
INTRODUCTION
Remarkable progress has been made in the global effort to defeat HIV infection with introduction and widespread scale-up of antiretroviral (ARV) treatment and prevention measures [1] . Combination therapy with HAART has significantly improved AIDS-related morbidity and mortality, extending the expected lifespan of patients with HIV. However, several factors contribute to the continuing issue of treatment failure and drug resistance, among them suboptimal drug efficacy and/or variable pharmacokinetics, inadequate compliance to lifelong therapy, pre-existing drug resistance and acute or chronic drug toxicities.
More recently, the use of ARV drugs for preexposure prophylaxis (PrEP) in high-risk populations has been validated through multiple clinical trials and led to regulatory approval of tenofovir/ emtricitabine (TDF/FTC) for this indication in the USA [2] [3] [4] [5] . Unfortunately, randomized clinical trials of TFD/FTC as PrEP have shown variable rates of efficacy, with low rates of protection correlated with drug nonadherence [6, 7] . PrEP modalities that do not require coitally dependent ARV delivery or avoid daily ARV use may represent an effective alternative for HIV prevention.
Long-acting injectable ARV agents, capable of being administered on a monthly or less frequent basis, have the potential to improve adherence to therapy and extend opportunities for therapeutic or prophylactic intervention to underserved patient populations. This review will focus on recent advances in the development of small molecule long-acting injectable ARV agents with emphasis on two clinicalstage investigational agents, the HIV integrase strand transfer inhibitor (INSTI) GSK1265744 and the nonnucleoside reverse transcriptase inhibitor (NNRTI) rilpivirine (RPV; TMC278LA).
DESIRED ATTRIBUTES OF LONG-ACTING ANTIRETROVIRALS FOR INJECTION
Long-acting injectable formulations of pharmacologic agents are well recognized as successful approaches for chronic indications such as contraception [8] and for certain psychiatric disorders [9, 10] . These approaches, however, have not been employed for HIV therapy due to the physicochemical and dosing limitations of current ARV agents. The cornerstone of HIV therapy is the combination of appropriate ARV agents in a single regimen consisting of drugs with multiple mechanisms of action, a high genetic barrier to resistance, limited drug-drug interactions, minimal acute and chronic toxicity, and offering future treatment sequencing options. Optimally, a HAART regimen using long-acting drugs needs to be composed entirely of injectable drugs, have comparable efficacy with existing oral HAART, and should include the following characteristics: antiviral potency and pharmacokinetic characteristics allowing infrequent dosing (e.g., monthly) at a practical injection volume; no or minimal incremental toxicity related to method of administration; alternative oral formulations to facilitate treatment initiation and discontinuation; and physicochemical properties that enable formulation of sterile, injectable drug products with desirable stability, storage and administration attributes.
The majority of approved ARV agents is not well suited for redevelopment as long-acting injectable products using conventional pharmaceutical manufacturing approaches. In large part, this is due to insufficient antiviral potency, perhaps one or two orders of magnitude in scale, resulting in impractical monthly dosing requirements under an assumption of equivalent therapeutic drug exposures when compared with the daily, or more frequently administered, oral versions of the drugs in question. It is possible that novel and emerging technologies such as polymer-coated nanoparticle ARV drugs, in some instances also formulated with a targeting ligand such as folic acid to facilitate nanoparticle uptake in monocytes and macrophages, may address some limitations of current ARV drugs [11, 12 & ]. If successful, such targeting may enhance drug delivery to important tissues, reduce ARV dosing requirements and facilitate drug penetration into lymphoid and central nervous system sites. Intracellular nanoparticle ARV drug reservoirs within endosomes of monocytes and macrophages might supplement the release of drug from depot injection sites and further improve overall drug pharmacokinetics and pharmacodynamics [13 & ].
Although not a focus of this review, biological approaches to HIV therapy take advantage of the longer intrinsic half-life of antibodies to allow for reduced dosing frequency. Ibalizumab (formerly TNX-355 and Hu5A8) is an anti-CD4 monoclonal antibody that disrupts viral entry and has demonstrated antiviral activity in early clinical studies. Ibalizumab is formulated as an intravenous infusion or subcutaneous injection and has demonstrated pharmacokinetics allowing for weekly or biweekly dosing intervals for the treatment of HIV [14] .
PRESENT APPROACHES
Taking advantage of intrinsic drug properties and with the use of crystalline nanoparticle formulation methods, the poorly water-soluble ARV drugs RPV and GSK1265744 have been progressed into clinical trials. Both drugs have relatively low daily dosing requirements following oral administration, RPV 25 mg per day and GSK1265744 30 mg per day (ViiV Healthcare, unpublished data), raising the potential for translation to a practical monthly dose. The two drugs have different metabolic pathways and no pharmacokinetic interaction [15] . Both RPV and GSK1265744 share physicochemical properties that permit formulation of sterile, injectable nanosuspensions. The ongoing clinical development program of these formulations has as a main objective the development of a long-acting, two-drug ARV
KEY POINTS
Intrinsic drug properties of the NNRTI RPV and INSTI GSK1265744 have enabled investigational long-acting nanoparticle injectable formulations to be progressed to clinical trials; however, the physicochemical and dosing limitations of most current ARV drugs preclude use of a similar approach.
Administration of long-acting RPV (TMC278 LA) and GSK1265744, alone or together, was generally safe and well tolerated in phase I studies, and pharmacokinetic data indicate a once-monthly IM dosing schedule can be devised using clinically practicable dosing volumes.
An ongoing phase IIb study is evaluating a two-drug regimen of oral GSK1265744 and oral RPV for maintenance of virologic suppression; study results will inform future trials using the long-acting injectable formulations.
regimen that can durably maintain HIV-1 control in virologically suppressed patients who elect to transition onto an injectable long-acting regimen. As with other long-acting depot injection medications, it is desirable to employ an oral lead-in phase with each drug to establish individual patient safety, tolerability and efficacy prior to transition to the long-acting formulations. The investigation of each agent as a potential ARV monotherapy for PrEP is also under clinical study.
GSK1265744
GSK1265744 is an HIV-1 INSTI and analogue of the inhibitor dolutegravir ( [16, 17] ; ViiV Healthcare, unpublished data). The free acid of GSK1265744 has very low water solubility (<10 mg/ml). It is under clinical evaluation as both oral and long-acting injectable formulations. The drug is a subnanomolar inhibitor of HIV-1 integrase-catalyzed viral cDNA strand transfer with an in-vitro half maximal inhibitory concentration (IC 50 ) of 0.22 and 0.34 nmol/l against HIV-1 BAL and NL432 in peripheral blood mononuclear cells, respectively. GSK1265744 is highly protein bound to serum albumin, resulting in a protein-adjusted 90% inhibitory concentration (PA-IC 90 ) of 166 ng/ml. It has a plasma half-life of approximately 40 h following oral administration, allowing for once-daily dosing.
In double-blind, placebo-controlled proof-ofconcept studies of GSK1265744 monotherapy in HIV-1-infected individuals receiving 5 or 30 mg once daily for 10 days, the drug significantly reduced plasma HIV-1 RNA from baseline to day 11 versus placebo (P < 0.001); mean decrease was 2.2-2.3 log 10 copies/ml, respectively [18, 19] . GSK1265744 was generally well tolerated, with no clinically relevant trends in laboratory values, vital signs or electrocardiograms.
A phase IIb, randomized, oral dose-ranging study is ongoing [20] . A total of 243 HIV-infected subjects were randomized to a blinded dose of GSK1265744 (10, 30 or 60 mg per day) or a control arm of efavirenz; all groups receive an investigatorselected backbone regimen of abacavir/lamivudine or TDF/FTC. After 24 weeks of triple therapy, patients randomized to GSK1265744 who achieved a plasma HIV-1 RNA level of less than 50 copies/ml enter a maintenance phase and modify their regimen to oral GSK1265744 and oral RPV 25 mg per day for an additional 72 weeks. Thus, the study evaluates a two-drug, two-class regimen of oral GSK1265744 and oral RPV for maintenance of virologic suppression. Study results will inform future trials using the long-acting injectable formulations.
The long-acting injectable nanosuspension of GSK1265744 is composed of crystalline active drug, milled to a median particle size of 200 nm, along with surfactant, polymer, tonicity agent and water for injection (ViiV Healthcare, unpublished data). The nanoparticles are essentially 100% active drug in contrast to matrix nanoparticles consisting of drug encased within a polymer or lipid matrix. This enables higher drug loading into the formulation (200 mg/ml) and a reduced injection volume.
Two phase I studies have reported the tolerability, safety and pharmacokinetics of GSK1265744 longacting injection [19, 21] . In a randomized, placebocontrolled, double-blinded, single-dose study, 56 HIV-uninfected adults received GSK1265744 as a Fig. 1 .
GSK1265744 was detected in plasma to 48 weeks. Mean absorption-limited apparent terminal-phase half-life ranged from 21 to 50 days as compared to approximately 40 h following single-dose oral administration. This longer apparent half-life following injection is a result of low solubility of the nanoparticle and inherent low tissue perfusion, prompting a slow absorption rate of drug from the injectable formulation with no change in the plasma elimination half-life of the dissolved active drug. When the injectable formulation was administered as two equally divided (split dosing) injections (Cohort 4, 400 mg Â 2 intramuscular and Cohort 7, 200 mg Â 2 subcutaneous), total drug release was increased so that the maximum observed plasma concentration (C max ) was greater than dose proportional and there was a more pronounced decay in drug concentrations over time. However, overall extent of exposure [area under the curve (AUC) from time zero to infinity] did not change. The most common adverse event was a self-limited injection site reaction (ISR). ISRs were generally mild, with pain and erythema at the injection site reported as the most common findings. There were no systemic serious or grade 3 to 4 adverse events.
Two additional cohorts were included to evaluate drug distribution into rectal and cervicovaginal tissue to gain insight into the potential application of GSK1265744 for PrEP [22] . Sixteen male and female patients were randomized to two cohorts (4 males and 4 females per cohort) and received GSK1265744 400 mg intramuscular as a single injection or two 200-mg intramuscular gluteal injections. There were no placebo injections. Serial plasma sampling and rectal (males only) and cervicovaginal tissue biopsies were collected at Weeks 2 and 8 (single injection group) or Weeks 4 and 12 (split injection group). Plasma pharmacokinetic parameters of AUC 0-Week 4 , AUC 0-Week 12 and C max were approximately two-fold higher and time to maximum plasma concentration occurred earlier following split administration as compared to the single injection, indicating split dosing increased the rate of absorption. Similar AUC 0-1 values between groups suggest that the extent of absorption was not affected by splitting the dose. GSK1265744 was detected in all tissues evaluated, with an apparent higher distribution in cervicovaginal tissue compared with rectal tissue. Median individual tissue:plasma drug concentration ratios ranged from 16 to 25% in the female genital tract and were 8% in rectal tissue in men. Median concentrations in vaginal tissue approach the plasma PA-IC 90 of 166 ng/ml. Although observed GSK1265744 plasma concentrations following a single dose of 400 mg were, as predicted, lower than the estimated target therapeutic range, these results indicate therapeutic-range GSK1265744 plasma concentrations should produce tissue drug concentrations exceeding the PA-IC 90 upon repeat administration and support its further investigation for PrEP.
In a second phase I study, HIV-negative adults received a 14-day lead-in of oral GSK1265744 30 mg per day to assess safety and tolerability before administration of the long-acting injection [21] . Patients were randomized into one of four cohorts: all received GSK1265744 800 mg intramuscular (as 400 mg Â 2) as a loading dose followed by three monthly doses of 200 mg subcutaneous (Cohort 1); 200 mg intramuscular (Cohort 2); 400 mg intramuscular (Cohort 3); or after 3 months, a single further injection of 800 mg intramuscular (Cohort 4). Cohorts 2 and 3 also received gluteal intramuscular doses of TMC278 LA at months 3 (1200 mg) and 4 (900 or 600 mg, respectively). Forty-seven patients enrolled, with 40 receiving at least one long-acting injection; 38 completed all planned injections. Seven patients discontinued the oral lead-in phase, six for non-drug-related reasons and one for an adverse event (dizziness following first 30-mg dose). All dose cohorts achieved therapeutically relevant plasma concentrations within 3 days of the initial injection with prolonged exposure in excess of PA-IC 90 for both drugs. RPV plasma concentrations following TMC278 LA dosing were comparable to steady-state concentrations observed from phase III studies of oral RPV dosed at 25 mg per day. Pharmacokinetic data suggest a once-monthly, synchronous intramuscular dosing schedule can be devised using clinically practicable dosing volumes and allowing a time window of several weeks for re-dosing to permit a degree of pharmacologic forgiveness. Co-administration was generally safe and well tolerated, with grade 1 ISRs being the most-commonly reported adverse events. GSK1265744 subcutaneous administration was associated with a greater number of ISR events per patient than observed after intramuscular administration with either GSK1265744 or TMC278 LA. Although mild-to-moderate ISRs occurred in a majority of study participants, the overall tolerability profile supports evaluation in longerterm clinical studies.
Finally, to further explore the potential of GSK1265744 for PrEP, a nonhuman primate . Mean plasma levels of GSK1265744 over time following single-dose administration of long-acting formulation [19] . GSK1265744 (200 mg/ml) was administered as a single IM (gluteal) or SC (abdominal) injection or equally divided IM or SC injection. Each cohort comprised eight healthy adult patients (six active/two placebo). The dashed line represents the plasma PA-IC 90 value for GSK1265744 against wild-type HIV-1 of 0.166 mg/ml.
intrarectal simian-HIV (SHIV) challenge study was performed [23] . Eight male rhesus macaques were dosed with GSK1265744 long-acting (50 mg/kg intramuscular) at two time points, 1 week prior to the first virus exposure and 4 weeks later. An additional eight male macaques were untreated and served as placebo controls. All animals were challenged intrarectally each week with SHIV162p3 [50 Â tissue culture infectious dose 50 (TCID50)] for up to eight exposures. Infection status was monitored on a weekly basis. All eight placebo macaques became infected after a median of two rectal exposures (range 1-7) while none of the eight GSK1265744-treated animals had detectable systemic viremia 10 weeks after the last virus challenge. In protected animals, GSK1265744 plasma concentrations throughout the period of virus challenge were comparable to clinically relevant exposures in humans.
TMC278 LA -LONG-ACTING FORMULATION OF RILPIVIRINE
TMC278 LA injection is the investigational nanosuspension formulation of RPV. The oral tablet formulation of RPV was approved in 2011, in combination with other ARV drugs, for treatment of patients with HIV-1 infection who are ARV-naive with an HIV-1 RNA level of 100 000 copies/ml or less at the start of therapy. In addition, a fixed-dose combination of RPV/TDF/TFC is approved for the same indication. Baert et al. [24 & ] have published on the development of TMC278 LA nanosuspension injection. RPV free base is a stable crystalline polymorphic drug substance with very low water solubility (<0.1 mg/ ml). Rilpivirine drug crystals are nanosized by a continuous wet milling process and suspended in aqueous vehicle with hydrophilic surfactant. In preclinical proof-of-concept studies, single injections of nano-formulated drug gave sustained release of RPV in plasma over 3 months in dogs and 3 weeks in mice. Further preclinical investigation of TMC278 LA 200 nmol/l injectable nanosuspension in rats and dogs included plasma pharmacokinetics, injection site concentrations and disposition to lymphoid tissues [25 && ]. Rilpivirine plasma concentrations confirmed sustained and dose-proportional release lasting more than 2 months in rats and more than 6 months in dogs. Absolute bioavailability approached 100%, indicating complete release from the injection site. In dog, drug concentrations in the lymph nodes draining the intramuscular injection site exceeded plasma concentrations by over 100-fold 1 month after administration, while concentrations in lymphoid tissues decreased to 3-fold to 6-fold of the plasma concentrations beyond 3 months.
A subsequent phase I study of TMC278 LA 300 mg/ml nanosuspension evaluated the pharmacokinetics and safety of single gluteal intramuscular or abdominal subcutaneous injections in 51 HIVnegative adult patients at doses of 200, 400 and 600 mg, or vehicle (placebo) [26] . An additional nine patients received a single 400-mg injection into deltoid muscle. Consistent with the preclinical experience, rilpivirine was slowly released from the injection site into plasma, with drug concentrations of more than 10 ng/ml for 12-26 weeks. Dose proportionality and similar plasma concentration-time profiles were observed for both subcutaneous and gluteal intramuscular injections. ISRs consisted of redness, bruising, pain and to a lesser extent, induration, and were more frequent with active drug injections versus placebo. There was a greater frequency of ISRs with subcutaneous as compared to intramuscular administration. Among intramuscular injections, gluteal injections were better tolerated than deltoid injections. There were no serious adverse events or grade 3 or 4 adverse events.
Jackson et al. [27] reported results of a phase I clinical study of TMC278 LA pharmacokinetics in plasma, female genital tract and male rectum in HIV-negative adults. The investigators enrolled 20 women per dose group and evaluated single doses of 300, 600 and 1200 mg, while a sub-study enrolled six men who each received a single 600-mg dose. Blood and genital/rectal fluids were sampled to 84 days, and tissue biopsies were taken at three time points during the initial 28 days. All doses gave prolonged plasma and female genital tract and male rectum drug exposure. Among females, RPV concentrations in genital tract fluid were generally comparable to plasma drug concentrations, while vaginal tissue drug concentrations were 50% or more of the corresponding plasma measurement. In male patients, rectal fluid to blood plasma drug concentration ratios were 28 and 7% at C max and last observed concentration (Day 84), respectively. However, drug concentrations in rectal tissue were markedly higher and generally similar to blood plasma at study days 7 and 14. In total, these results support further evaluation of TMC278 LA as a potential PrEP strategy.
SPECIFIC DEVELOPMENT AND USE CONSIDERATIONS
There are several important considerations to highlight with respect to development of a long-acting injectable ARV regimen of GSK1265744 and TMC278 LA. Demonstration of safety and efficacy of an infrequently dosed ARV regimen delivered by a novel mode of administration must also be coupled with substantial evidence of the adequacy of a twodrug maintenance regimen to durably suppress viral replication. As rilpivirine is currently indicated for use in ARV-naive patients who have an HIV-1 RNA level of 100 000 copies/ml or less at the start of therapy, induction regimens will need to be tailored to the specifics of the clinical situation. Induction regimens that contain both oral GSK1265744 and oral rilpivirine are potentially attractive as such a strategy allows for a multiweek, individual patientlevel assessment of tolerability, safety and efficacy prior to initial administration of the long-acting injectable formulations. Given prolonged systemic exposure and the inability to withdraw drug in the event of toxicity, a period of oral induction therapy or a lead-in period, perhaps of 1-month duration, is advisable. The latter refers to situations in which a patient is switching from suppressive oral ARV therapy with other drugs to a long-acting injectable ARV regimen of GSK1265744 and TMC278 LA. Additional strategies will need to be employed in HIV-1 positive patients discontinuing long-acting therapy, to prevent the evolution of resistance during a diminishing pharmacokinetic tail. Longacting agents for the treatment of HIV must be compatible with existing oral HAART options, to allow for the transition to oral HAART during this tail. Both GSK1265744 and TMC278 LA have limited drug-drug interactions with existing ART classes.
CONCLUSION
The therapeutic potential of long-acting injectable ARV formulations for HIV therapy has not been evaluated due to an inability to formulate appropriate combination HAART using current ARV agents. Long-acting nanoparticle injectable formulations of the NNRTI RPV and INSTI GSK1265744 have enabled preliminary investigation of a oncemonthly, two-drug regimen for maintenance of virologic suppression. Important considerations for successful clinical use must be addressed during development and include identification of appropriate oral induction or oral lead-in strategies for therapy initiation as well as additional strategies to assure HIV-1 infected patients discontinuing therapy do not risk emergence or evolution of drug resistance during a diminishing pharmacokinetic tail.
